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Introduction to F 0 F 1 ATP synthase
In E. coli, F 1 consists of five types of subunits, with the stoichiometry of α 3 β 3 γδε, where ATPs are synthesized via an alternating catalysis mechanism at the three β subunits. The three β subunits change conformation upon the rotational motion of the γ subunit. Three types of subunits make up F 0 , in an a 1 b 2 c n stoichiometry. The number, n, may vary from 10 to 15 for different species (1) (2) (3) (4) (5) , different metabolic states (6) , or other environmental factors (7) . The actual stoichiometry of the c subunits is still in debate (8) (9) (10) . The F 0 component converts the proton-motive force (pmf) (11, 12) into mechanical rotation of the c ring and then the central stalk inside the F 1 component.
This rotational motions causes the conformational changes in F 1 , thereby driving ATP synthesis (13, 14) . There have been excellent reviews on the molecular mechanism of F 0 F 1 -ATP synthase (14) (15) (16) .
In spite of the fact that the proton translocation activity has been found to be significantly reduced in the absence of the b subunits (17) , it is generally agreed that the subunits a and c are the only components that are directly involved in the proton conduction. It has been proposed that the transmembrane helices of subunit a may even swivel to gate the proton flow between the entrance and exit half channels (18) .
Root-mean square deviation and radius of gyration for the molecular dynamics simulations in the locked state
First, we simulated the F 0 system in the locked state. Root-mean-square deviation (RMSD) of the α-carbon atoms of the F 0 protein and only a subunit, shows in Fig.   S1 (A), to see whether our simulations have generated stable trajectories with respect to the initial Rastogi-Girvin model. We can see that F 0 protein in the three MD cases are rather stable. The RMSD reached a stationary value of 0.35 nm after 14 ns and did not increase significantly thereafter. The changes of the shape of the c ring can be observed in terms of radii of gyration (Rg), which were shown in Fig. S1 (B). The Rg of the c ring decreased slightly during the equilibration of the zero-field MD and reached a stationary value of 2.83 nm. The external electric fields applied in our simulations didn't affect either the radius of gyration or RMSD significantly during this time scale.
Root-mean square deviation and radius of gyration for unlocked cases
Structure alignment about snapshot of F 0 protein in the unlocked state at 8ns aligned to the initial structure of F 0 protein was shown in the Fig. S2 . We then calculated the root-mean-square deviation (RMSD) of the α-carbon atoms of the F 0 protein and a subunit, shown in Fig. S3(A) and Fig. S3(B) , to see whether our simulations have generated stable trajectories with respect to the initial Rastogi-Girvin model. We can see that F 0 protein in the three MD cases are rather stable. The RMSD of the zero field case reached a stationary value of 0.37 nm after 15 ns and did not increase significantly thereafter. It is difficult to discriminate the structural changes for three cases with the RMSD analyses on the entire F 0 complex.
The changes of the shape of the c ring can be observed in terms of radii of gyration (Rg), which were shown in Fig. S3(C) . The Rg of the c ring decreased slightly during the equilibration of the zero-field MD and reached a stationary value of 2.83 nm. The external electric fields applied in our simulations didn't affect the radius of gyration significantly during this time scale. Because of slight shrinkage of the c ring, we anticipate that lipids inside the c ring were well packed and probably also more ordered, and exhibited reduced diffusion motion. Our analyses indicate that the differences among the case without electric field and the two cases with different electric fields cannot be delineated by the analyses of changes in RMSD and radius of gyration. We therefore resorted to the principal component analysis. 
Principal component analysis
Principal component analysis, also known as essential dynamics analysis, projects protein dynamical trajectories onto the subspace of much lower dimensionality (30) (31) (32) . The protein motion can be described by a trajectory ( ) Usually only the α-carbon atoms of the residues are taken into account. The a subunit in this NMR model consists of 171 residues and each copy of the c subunit consists of 79 residues, and therefore there are totally 1119 residues, and the dimension of the trajectory vector based on only the α-carbon atoms will be 3357.
The collective atomic motions can be analyzed from the covariance matrix C of the positional deviations:
where the angular bracket denotes the average over time. Matrix C can always be diagonalized by an orthogonal coordinate transformation T:
The i th column of T is the eigenvector corresponding to
The eigenvalues are sorted in a descending order, and therefore the first few eigenvectors represent the collective coordinates with largest positional covariance.
Linear combinations of Cartesian collective coordinate were defined in a molecule-fixed coordinate system.
One of the major goals of our simulations was to unravel the differences in the dynamics of F 0 due to its protonation states and the external electric fields. We performed principal component analysis of F 0 for the locked and the unlocked state.
In order to project the F 0 motions in the common essential subspace, trajectories from 12 ns to 20 ns were pooled for the calculation of the α-carbon covariance matrix. The covariance among the α-carbon atoms is usually sufficient to represent the entire protein motions (33) . The first two eigenvalues of covariance matrix represent 80.55% of the sum of all the eigenvalues, and therefore the projected trajectories on the subspace formed by the first two principal axes should properly represent the protein motions. To visualize the most significant correlated motions of the F 0 motor, the porcupine plots (37, 38) were made to see the directions of vectors on α-carbon atoms, which are extracted from the eigenvectors of the covariance matrix on protein α-carbon atoms. In the porcupine plot, a cone is drawn from the atomic position of an atom, whose height and direction is derived from the i th principal component respectively. The numbering of the c subunits is according to (39) . 
Correlation maps of residue pairs for locked cases
We can calculate the correlation maps by dividing the sample covariance between two variables by the product of their standard deviations. 
Hydrogen bond between the a and c subunits
Hydrogen bond networks among the residues residing on proton translocation pathways within the a subunit between both sides of the membrane were analyzed. As seen in Fig.S8 , the a subunit and the c ring did not separate from each other during the simulation time, although there is no covalent bond formed between these two subunits. The hydrogen bond between cAsp61 and aArg210 remains during the entire simulations (2, 40) , where the cAsp61 was protonated. The hydrogen bond network formed between two main residues (cAsp61 and aArg210) and between other residues in the final snapshot of zero-field MD is shown in Fig. S8 . 
Intrinsic pK a value calculation
The difference in the titration behavior of an ionizable residue in a protein and in a model compound can be quantified by calculating the difference in the electrostatic work of altering that residue's charges from the natural to protonated/deprotonated state in the protein, and the work of making the same alternation in the model compound (41) . The electrostatic potential can be calculated by the Poisson-Boltzmann equation: values ranging from 2 to 20, and we found that the best intrinsic pK a prediction can be obtained with the value of 20.0, which coincides with the previous pK a calculation studies (46, 47) . The dielectric constants for water and for membrane were set as 80 and 4, respectively, which is the same as the previous calculation for bacteriorhodopsin (41) . Because the experimental pK a for the aGlu219 and aLys203 residues of F 0 are not available, The intrinsic pK a value of Asp85 of bacteriorhopsin (48) was first determined to assess the reliability of the setting for our intrinsic pK a calculation. The value of Asp85 residue for our calculation is 3.08, which is in very good agreement with the experimental value (49).
Intrinsic pK a of Asp61, Lys203 and Glu219 residues
Although the protonation states of residues cannot be changed during the classical molecular dynamics simulation, it is worthwhile calculating the pK a values of titratable residues along the proton pathways with the protein conformations sampled from the simulation.
The average intrinsic pK a values of Asp61, Lys203 and Glu219 are listed in the Table S1 . From the Table S1, the average intrinsic pK a values of Asp61 are in good agreement with experimental value 7.1 of Asp61 in F 0 protein (50) . The predicted intrinsic pK a values of Lys203 and Glu219 are similar to experimental pK a values of buried Lys and Glu residues (51). Table S1 , the intrinsic pK a value of Lys203 is more far away from the pH 8 at which the NMR data of F 0 was prepared. The protonation state of Lys203 always remains the same in the F 0 protein. In Fig. S9 , the Lys203-involved proton translocation pathway was shown in purple color.
From the
The electrostatic interactions between cAsp61, aLys203 and aGlu219 are then calculated. The Coulomb interaction energies between aAsp61 and cLys203 in our simulations are smaller than 0.2 kJ/mol. The Coulomb interaction energies between cAsp61 and aGlu219, aLys203 and aGlu219 are zero. The effect of the residue's interaction with other titrating groups is negligible in our system. The Born solvation energy difference played the dominant role in the pK a calculation of the residues in the protein interior (51) . Intrinsic pK a values of Asp61, Lys203 and Glu219 may be similar to the pK 1/2 . Hydrogen bonds networks among essential residues for proton translocation
Vik & Antonio proposed (52) that the proton translocation pathway can be divided into two segments, one from the periplasm to the middle of the membrane, the location of Asp61, and the other from the membrane to cytoplasm. Proton translocation through F 0 involves residues Asp61 of the c subunits and Arg210 of the a subunit. It is believed that protons reach Asp61 via aqueous channels formed at least in part by one or more of the a subunits (53) .
From the original Rastogi-Girvin model and three final structures of each MD from our simulations, residues which may lie on three possible proton translocation pathways within the a subunit (53, 54) are identified by analyzing the hydrogen bond networks. Protons can be conducted along hydrogen bonds formed between side chains of proteins (55, 56) . Hydrogen bonds networks of these residues for each MD simulation and for the original NMR F 0 structure are shown in the Fig. S6 .
As shown in Fig. S6 (A) , residues, aGlu219, aHis245, aIle249, aGln252 and aArg210 reside on the first proton pathway (limon color). In this pathway, it is also found that two water molecules, designated as W1 and W2, contribute to the hydrogen bonds with Glu219 and His245. In the Fig. S6 (B) , there is a water molecule W2 near the Asn214 residue. This result can support the experimental data which suggested His245 and Asn214 are within the aqueous access channels in subunit a (54) .
Comparing the hydrogen bonds networks in this pathway with those of the original Rastogi-Girvin model, shown in Fig. S6 (D) , we would suggest that a small water cluster may contribute to this proton translocation pathway, which is reminiscence of the water networks for proton transfer inside bacteriorhodopsin (57) . 
Interactions between the a-c complex
To analyze why these two subunits remain bounded, the energy profiles of van der Waals and Coulomb interactions between the a and c subunits were calculated, as shown in Fig. S12 . Clearly, the van der Waals interaction plays the dominant role in stabilizing the complex of the a-and the c-subunits, compared with the electrostatic interaction. One can also observed that the van der Waals energies have been increased during the first nanosecond, which indicates that the shape complementarity between these two subunits has also been enhanced in the initial stage of the simulation. It is noted that water molecules did not permeate through the interface between the c ring and the a subunit (Fig. S2 and Fig. S5 ). In the refined structure after the molecular dynamics simulation, the van der Waals interaction between the aand c-subunits is stronger than the that of original Rastogi-Girvin model, and therefore it revealed a tighter a-c interface. Histograms of hydrogen bonds between residues for two state cases Fig. S13 shows some histograms of hydrogen bonds between specific residues which lie on the proton translocation pathways when the F 0 is in the unlocked state or in the locked state (inset). The effect on these hydrogen bonds of external electric fields is small. We can see that there is always no hydrogen bond between Arg210 and Gln252 for the locked state cases. No hydrogen bond formed between Arg210 and Gln252 in the initial structure. Hydrogen bond between Ser206 and Lys203 is more stable when the F 0 is in the locked state. 
Deuterium order parameters S CD
The order parameter tensor S is defined as (61)
in which θ i is the angle between the i-th molecular axis and the bilayer normal (z axis).
The angular bracket denotes the ensemble average. From the diagonal elements S xx , S yy and S zz the deuterium order parameter S CD can be calculated using
The S CD was only calculated for the sn-1 chain for simplicity.
Lateral diffusion of lipids
The lateral self-diffusion coefficient can be calculated from the slope of the average mean-square displacements r in two dimensions (x,y) of the center of mass of the Lateral diffusion coefficient of the pure bilayer system with 512 POPC lipids was calculated as the reference value, which is /s cm 10 5.58 2 -7 × . Time course of the angle and the normal vectors of the plane defined by the α-carbon atoms of the three residues Ala24, Ile28 and Asp61 (zero field, cyan ; +E z , blue; -E z , red) with F 0 is in the unlocked state and zero-field MD with F 0 is in the locked state (brown). Rotation of the N-terminal helix was observed only in the unlocked cases.
Height profiles of lipids

F 0 Structure after refinement
After MD simulation refinements, we can obtain the refined Rastogi-Girvin model structure. Three refined structures of the locked state simulations were provided for Supporting Information. To choose the structure of last two nanosecond trajectory that can represent our simulation, the affinity propagation clustering method (63) was used to judge which snapshots are suitable representatives.
